Mutation of the Chx10 homeobox gene in mice and humans causes congenital blindness and microphthalmia (small eyes). This study used Chx10 Ϫ/Ϫ (ocular retardation) mice to investigate how lack of Chx10 affects progenitor/stem cell behavior in the retina and ciliary epithelium (CE). METHODS. The distribution of mitotic retinal progenitor cells (RPCs) during embryonic development was analyzed using phosphohistone 3 (H3)-labeling. DNA flow cytometry was used to measure DNA content. The distribution and phenotype of dividing cells in the postnatal retina and CE was analyzed by incorporation of the thymidine analogue BrdU and immunohistochemistry.
O rgan size is determined largely by cell number, as well as by cell size. 1 How many cells an organ contains is laid down in development and involves a sequence of progenitor cell divisions, usually ending in a full complement of postmitosis differentiated cells. The continued presence of dividing undifferentiated cells in adult tissues, termed stem cells, which maintain and repair tissue by generating new specialized cells is well characterized in, for example, the intestinal epithelium. 2, 3 Although most regions of the mature central nervous system are considered unable to generate new neurons once neurogenesis during development is complete, some neurogenesis occurs within specific stem cell-containing regions. 4 Characterization of neural stem cells is offering new insights into regenerative potential in mammals. 5, 6 However, little is known about the relationship between progenitor/stem cells in embryonic and adult life and how developmental conditions influence their behavior.
The neural retina (NR) is an ideal system for studying how part of the nervous system achieves its adult size by regulation of neural progenitor/stem cells. The NR forms from evaginations of the anterior neural plate, which form the bilayered optic cup at embryonic day (E)10.5 in the mouse. The inner layer of the cup, the presumptive NR, comprises multipotential retinal progenitor cells (RPCs). Retinal volume, which consequently affects eye size, is primarily determined by the number of divisions that each progenitor cell makes before its final division to generate two postmitotic cells. By the time retinal histogenesis is complete at approximately postnatal day (P)11, there are no more proliferating RPCs. 7, 8 During this period of histogenesis (E10.5-P11), the large increase in eye size results directly from the proliferative expansion of the RPCs.
Overexpression of several eye-specific transcription factors results in giant eyes. 9, 10 Lack of other transcription factors, as well as mutations in cell cycle proteins, reduce eye size. [11] [12] [13] Reduced eye size in humans is the condition called microphthalmia and is a cause of congenital blindness. Mutations in several different genes have been shown to cause microphthalmia, indicating the genetic heterogeneity of this condition (reviewed in Ref. 14) . Mutation of the human CHX10 gene and the mouse Chx10 gene causes microphthalmia. [15] [16] [17] The Chx10 mutant, ocular retardation, lacks bipolar cells, and differentiation of rod photoreceptors is disrupted. 16, 18 Chx10 is an early marker of NR and is expressed in RPCs throughout development. 19, 20 Chx10 is essential for RPC proliferation and lack of proliferation in the Chx10 mutant is partially rescued by deletion of the cell cycle regulatory gene p27(Kip1). 16, [21] [22] [23] DNA synthesis in the Chx10 mutant has been examined by quantifying incorporation of the thymidine analogue, bromodeoxyuridine (BrdU). A large reduction in BrdU labeling was found at the periphery of the embryonic retina, but labeling indices were not significantly altered in the central retina. 16, 24 The ciliary epithelium (CE) of the ciliary body, at the periphery of the adult mammalian retina, has recently been shown to harbor cells with stem cell properties of multipotentiality and self-renewal in vitro. 25, 26 The CE develops from the neuroepithelium at the periphery of the embryonic optic cup. Adult CE-derived stem cells (in neurosphere cultures) express Chx10 and the neural progenitor/stem cell marker nestin and, when differentiated, express retinal neuron specific markers. 25 Notably, more neurospheres arose from the CE of the Chx10-null mouse than from wild-type cultures. 26 In nonmammalian vertebrates the peripheral zone of the retina is referred to as the ciliary marginal zone and contains stem cells that generate new neurons for retinal growth throughout life. 27 In this study, we used Chx10-null mice to investigate how lack of Chx10 affects progenitor/stem cell behavior in the retina and CE in vivo. We found that in the absence of Chx10, proliferative expansion of embryonic RPCs was markedly reduced. Of interest, we also found a novel population of RPClike cells with neurogenic potential in the mature Chx10-null retina.
METHODS

H3 and TUNEL Immunohistochemistry of Wild-Type and Chx10 Mutant Mouse Eyes
All animal procedures were performed in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. Timed matings of ocular retardation mice with the Chx10 orJ/orJ mutation (referred to as Chx10 Ϫ/Ϫ ) on a pigmented 129/Sv genetic background and 129/Sv wild-type mice (ϩ/ϩ) were performed to produce embryos at various stages of development. Days on which plugs were found after overnight matings were considered to be embryonic day (E)0.5. Wild-type and mutant embryos at E11.5, E13.5, E15.5, and E18.5 were fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS) overnight and subsequently transferred to 20% sucrose in PBS for overnight incubation. The tissue was embedded in optimal cutting temperature (OCT) compound, and 7-m-thick retinal cryosections were prepared on 3-aminopropyltriethoxysilane (TESPA; Sigma-Aldrich, Poole, UK)-coated slides. Sections were dried at room temperature overnight and stored at Ϫ80°C before use. Mitotic RPCs were identified by anti-phosphohistone H3 immunohistochemistry. The H3 antibody detects phosphorylation at Ser10 of histone H3 which is at high levels during chromosome condensation at entry into the M-phase. 28 RPCs are located at the ventricular surface adjacent to the RPE during the M-phase. 29 For immunostaining, sections were incubated in blocking solution (10% fetal calf serum, FCS, 1% bovine serum albumin, BSA, and 0.1% Tween 20 in PBS) for 1 hour, and then incubated with primary antibody, rabbit anti-phosphohistone 3 (H3, 1:100 dilution in blocking solution; Upstate Biotechnology, Lake Placid, NY), overnight at 4°C. Sections were incubated with FITCconjugated anti-rabbit antibody (1:100 in blocking solution; Jackson ImmunoResearch, Inc., West Grove, PA) and Hoechst nuclear dye (1:1000), for 1 hour before mounting. The total number of retinal cells (Hoechst-stained) and the number of mitotic cells (H3-labeled) were counted on nine midline retinal sections from three eyes from mutant and wild-type animals at all time points (E11.5, E13.5, E15.5, and E18.5). An H3 labeling index was obtained by dividing the number of H3-labeled cells by the total number of cells in each section. Two-way analysis of variance was performed on computer (SPSS ver. 11; SPSS, Chicago, IL), to check for interaction between mutant and wild-type mice and the various time points. To correct for the higher chance of making false-positive conclusions from the multiple pair-wise comparisons, after an interaction was found, we further analyzed the significant simple main effects by pair-wise comparisons using the Sidak adjustment for multiple comparisons. P Ͻ 0.05 was considered significant. 30 The terminal deoxynucleotidyl transferase (TdT)-mediated deoxyuridine triphosphate (dUTP)-biotinylated nick-end labeling (TUNEL) assay was performed to identify apoptotic cells in embryonic retinal sections (In Situ Cell Death Detection Kit; Roche Diagnostics, Mannheim, Germany), 31 according to the manufacturer's protocol. The TUNEL kit detected apoptotic cells within the retina and other control tissues (e.g., embryonic brain).
Cell Cycle Analysis with DNA Content Flow Cytometry
DNA content flow cytometry 32, 33 was used to analyze embryonic RPCs. NR tissue from E11.5 Chx10 Ϫ/Ϫ mutant and wild-type embryos was microdissected with tungsten watchmaker forceps in cold PBS. Retinal tissue was treated with 0.05% trypsin and 0.53 mM EDTA for 10 minutes at 37°C and then quenched with fetal calf serum. Tissue was triturated gently to form a single-cell suspension. Cells were centrifuged at 14,000g for 1 minute, washed with PBS and counted on a hemocytometer, before resuspension in 70% ethanol for storage at 4°C (for 1-14 days) until analysis. Cells were resuspended in 50 g/mL propidium iodide, 0.1% wt/vol sodium citrate, 0.1% Triton X-100 vol/ vol. The samples, containing 5 ϫ 10 5 to 1 ϫ 10 6 cells, were immediately run on a flow cytometer (Epics XL; Beckman Coulter, Fullerton, CA). In total, 30,000 events were collected and gated using doublet discrimination to exclude clumps of cells. Expo32 (Beckman Coulter) was used to select only single cells in the cell cycle (i.e., excluding dead or fragmented cells), and the data were subsequently modeled (Multicycle; Phoenix Flow Systems, San Diego, CA). The data fitted the aggregate model used for analysis of single cells. Graphs were obtained (Multicycle; Phoenix Flow Systems) to determine the proportion of the total cells in the different phases of the cell cycle-the G 1 peak, S-phase, or G 2 peak, based on the level of propidium iodide labeling (i.e., G 2 cells contained twice as much propidium iodide as G1 cells). Triplicate flow cytometry experiments were performed on retina dissected from six litters (n ϭ 4 to 7 embryos per experiment). Mean average cell percentages Ϯ SD in each stage of the cell cycle were calculated. Student's t-test was used to test for significant differences between mutant Chx10 Ϫ/Ϫ and wild type at the G 1 , G 2 , and S stages of the cell cycle.
BrdU Labeling and Immunohistochemistry of Wild-Type and Chx10 Mutant Mouse Eyes
Incorporation of the thymidine analogue BrdU into newly synthesized DNA during the S-phase was used as an assay for cell proliferation.
Immunostaining for incorporated BrdU allowed identification of cells that divided after the first BrdU injection. Wild-type and mutant Chx10 Ϫ/Ϫ mice were given an intraperitoneal injection of BrdU (Sigma-Aldrich) diluted at 10 mg/mL in 0.1 M Tris (pH 7), at 100 g/g body weight at 2 (P14), 3 (P21), and 6 (P42) weeks of age. The mice were subsequently injected every other day for 2 weeks after the first injection, and tissue was prepared on the day after the last injection. This protocol identified cells that divided during the 2-week period of injections. For single developmental time points, animals were injected, for example, on P7, and the tissue was prepared 24 hours later, on P8. For experiments to immunolabel neuronal subtypes, mice were injected at P25, P27, and P29, and tissue was prepared 3 weeks after the last injection. The 3-week chase period allowed time for cells that had incorporated BrdU to differentiate. Animals were given a terminal anesthetic (0.2 mL of 200 mg/mL pentobarbital sodium for adult mice) and perfused with saline to remove blood, before the eyes were dissected and fixed in Carnoy's fixative: 60% ethanol, 30% chloroform, 10% acetic acid, for 15 minutes. Alternatively, animals were perfused with 4% paraformaldehyde rather than saline, and required no further fixing. Eyes were embedded in paraffin wax and cut into 7-m sections. For BrdU immunostaining, tissue sections were dewaxed for 10 minutes (Histoclear; Raymond H. Lamb, Eastbourne, UK) and rehydrated through graded concentrations of ethanol, followed by incubation in distilled water for 5 minutes. The slides were heated in a microwave at 540 W in 0.01 M citric acid (pH 6.0) for 6 minutes and cooled in circulating water for 10 minutes before being rinsed twice in For statistical analysis, BrdU-labeled cells were counted on midline retinal sections from three to seven eyes from mutant and wild-type animals at 4 and 8 weeks of age (after BrdU injection every other day for 2 weeks). Student's t-tests were performed on differences between mutant and wild-type counts at the two time points to determine significance (P Ͻ 0.05).
To identify types of proliferating cells in the adult retina, doublelabeling experiments were performed using the stem-progenitor marker nestin and the two pan-neuronal markers NeuN and ␤3-tubulin (Tuj1). Brn3b (Pou4f2) was selected as a marker for ganglion cells, blue cone opsin for cones, rhodopsin for rods, recoverin for both rod and cone photoreceptors, syntaxin and the VC1.1 epitope for amacrine and horizontal cells, glial fibrillary protein (GFAP) for Müller cells, and cellular retinaldehyde-binding protein (CRALBP) for Müller glial cells and retinal pigmented epithelium (RPE).
18,34,35 ␤1-Integrin was used as an endothelial cell marker. For double labeling of BrdU and nestin, ␤3-tubulin, NeuN, ␤1-integrin, Brn3b (Pou4f2), rhodopsin, blue cone opsin, GFAP, protein kinase C (PKC), syntaxin, or VC1.1, the sections were treated as just described, but after the blocking step, they were incubated with mouse anti-nestin antibody (1:10; Developmental Studies Hybridoma Bank, Iowa City, IA), anti-␤3-tubulin (1:1000; Promega, Madison, WI), anti-␤1-integrin (1:100; Transduction Laboratories, Lexington, KY), anti-NeuN (1:50; Chemicon, Torrance, CA), anti-PKC (1:100; Sigma-Aldrich); anti-syntaxin (1:100; Sigma-Aldrich) or anti-VC1.1 (HNK-1) antibody (1:100; Sigma-Aldrich); goat anti-Brn3b (1: 100; Santa Cruz) or anti-rhodopsin antibody (1:50; Santa Cruz); or chicken anti-blue cone opsin antibody 36 (1:5000) or rabbit anti-GFAP antibody (1:100; Dako, High Wycombe, UK) at 4°C overnight. Incubation with primary antibody was followed by a 1-hour incubation with the appropriate species-specific secondary antibody: Cy3-conjugated anti-mouse antibody (1:100; Jackson ImmunoResearch), Cy3-conjugated anti-goat antibody (1:100; Jackson ImmunoResearch), Alexa-594-conjugated anti-chicken antibody (1:100; Molecular Probes, Eugene, OR), or rhodamine-conjugated anti-rabbit antibody (1:100; Jackson ImmunoResearch). Rabbit anti-recoverin antibody (1:100; Chemicon) and rabbit anti-CRALBP antibody (1:1000; kindly provided by Jack Saari, Department of Biochemistry, University of Washington, Seattle, WA) were used, together with a TRITC-conjugated anti-rabbit antibody (1:100, Jackson ImmunoResearch). After the slides were washed in PBS, they were then incubated with anti-BrdU antibody (1:100) for 2 hours, followed by incubation in secondary antibody for 40 minutes.
To immunolabel subtypes of dissociated retinal cells, Chx10
Ϫ/Ϫ mutant (n ϭ 5) and wild-type (n ϭ 5) mice were injected with BrdU at P25, P27, and P29, and tissue was prepared 3 weeks after the first injection. NRs were dissected in DMEM and dissociated with a papainbased cell-dissociation system (Worthington Biochemicals, Freehold, NJ). The cells were resuspended in Tris-buffered saline (TBS), plated on poly-L-lysine-coated slides, and air dried for 20 minutes before being fixed for 10 minutes with 4% paraformaldehyde. The slides were washed and treated with 2 M HCl for 20 minutes and 0.1 M sodium borate for 10 minutes and incubated with blocking solution (10% normal goat serum, 1% BSA in TBS) for 30 minutes. Immunohistochemistry for BrdU and the neuronal markers was performed sequentially. Each primary antibody was applied for 1 hour, slides were washed three times for 2 minutes each in TBS, and the appropriate secondary antibody was applied for 30 minutes. After incubation with the final secondary, slides were washed three times for 5 minutes each in TBS, and the nucleic marker Hoechst 33342 (2 M) was included in the final wash.
All slides were mounted with glycerol/PBS solution (Citifluor; Agar Scientific, Stansted, UK). Slides were viewed using one of two confocal microscopes (Axiophot2; Carl Zeiss Meditec, Inc., Dublin, CA; or Leica, Deerfield, IL) and digital images captured (Openlab; Improvision, Heidelberg, Germany, or Leica Confocal Software; transferred to Photoshop; Adobe Systems, Mountain View, CA).
RESULTS
Influence of Mitosis in the Chx10
؊/؊ Mutant Retina on the Size of the RPC Population Studies measuring BrdU incorporation have shown that in the absence of Chx10, very few RPCs in the peripheral retina at the outer edge of the optic cup synthesize DNA. However in the central retina BrdU labeling indices were not significantly different between wild-type and Chx10 Ϫ/Ϫ . 16, 24 To examine further the cycling behavior of Chx10-expressing RPCs in the central retina, we compared changes in the number of M-phase cells during development. We used anti-phosphohistone H3 immunohistochemistry, which strongly labels cells during metaphase, 28 to compare the distribution of mitotic cells in the wild-type eye and in the Chx10-null mutant mouse, during embryonic development (Fig. 1 ). H3-positive mitotic cells located at the ventricular edge of the proliferating cell layer were detected in the wild-type and mutant retina at E11.5 to E18.5. From E13.5 onward a lack of H3 labeling was observed in the periphery of the mutant retina (Fig. 1D) , which is consistent with previous reports of reduced BrdU incorporation at the periphery. 16, 24 By contrast, H3-positive cells were detected in the central retina of mutant and wild-type throughout embryogenesis. Immunostaining with PCNA (proliferating cell nuclear antigen) which labels progenitors throughout the cell cycle, confirmed the pattern of reduced proliferation at the retinal periphery compared with central retina (data not shown). At E15.5 and E18.5, abnormal positioning of mitotic cells was occasionally observed in the mutant (Figs. 1G, 1H ).
In the Chx10 Ϫ/Ϫ embryonic retina, expansion of the total cell number and the mitotic cell number failed to keep up with the wild-type retina (Figs. 2A, 2B ). From E13.5 onward, both the total number of cells and the number of H3-labeled mitotic cells were significantly reduced in the mutant compared with the wild type (Figs. 2A, 2B) .
To compare the number of mitotic cells in mutant and wild-type retina, we estimated the mitotic labeling index at each stage from midline retinal sections ( Fig. 2A-C) . At E11.5, a similar proportion of the total cells in the wild-type and mutant were undergoing mitosis (Fig. 2C) . In both the mutant and the wild type, the mitotic index decreased significantly from E11.5 to E13.5 (Fig. 2C) . Of note, from E15.5 onward the mitotic index is significantly higher in the mutant compared with the wild-type retina.
From E13.5 to E18.5, the wild-type pattern of growth (increasing total number of cells) causes a significantly decreasing mitotic index (Fig. 2C) . By contrast, no significant change was observed in the mitotic index from E13.5 to E18.5 in the mutant retina (Fig. 2C) . Whereas the absolute number of H3-labeled cells significantly increased during the embryonic period (E11.5-E18.5) in the wild-type retina, the number was constant in the mutant, over the same period (Fig. 2B) . A large expansion in the size of the pool of dividing RPCs was not observed in the mutant, despite the presence of mitotic cells throughout embryogenesis in a proportion similar to the number of mitotic cells present at E11.5 in the wild type (compare E18.5 mutant with E11.5 wild type in Fig. 2B ).
We next used DNA flow cytometry to measure the DNA content of dissociated RPCs and compare the percentage of cells at the G 1 , G 2 , and S stages of the cell cycle in the wild type and mutant. NR from E11.5 wild-type and mutant embryos were dissociated, labeled with propidium iodide and passed through a flow cytometer. The proportion of cells in the G 1 , G 2 , and S phases were quantified. Of the total cells assayed, 51.4% Ϯ 1.8% of were in G 1 in the wild type compared with 60.3% Ϯ 0.5% in the mutant, 38.6% Ϯ 1.4% were in the S-phase in the wild type compared with 26.5% Ϯ 1.7% in the mutant, and 10.0% Ϯ 3.2% were in the G 2 -phase in the wild type compared with 13.2% Ϯ 1.8% in the mutant. These data showed that a higher proportion of cells were in G1 in the mutant than wild type (Fig. 3) . Conversely, a decreased number of RPCs were in the S-phase in the mutant retina than in the wild type. Thus, at the stage when the retinas are largely undifferentiated and similar in size between the mutant and the wild type, the cycling properties of the RPCs differed considerably. Significant increases in total cell number were observed between every time point in the wild type. In the mutant, a small but significant overall increase was observed only between E11.5 and E18.5 (*P Ͻ 0.001).
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Significant differences between genotypes (P Ͻ 0.001) at each time point. (B) The number of H3-labeled mitotic cells in the wild-type retina increased significantly between E11.5 and E18.5 (*P Ͻ 0.001). In the mutant, no overall significant increase was observed in H3-labeled cells between E11.5 and E18.5.
Significant differences between genotypes (P Ͻ 0.001). (C) Mitotic labeling index (number of H3-labeled cells divided by the total number of cells, per section). At E11.5, a similar proportion of cells were undergoing mitosis in the mutant and wild-type retina. By E13.5 the mitotic index of both the mutant and wild-type retina had decreased significantly (*P Ͻ 0.01). This trend continued in the wild-type retina throughout development, with a significant difference in mitotic labeling index between E13.5 and E18.5 (*P Ͻ 0.01), but no significant change was observed in the mitotic labeling index from E13.5 onward in the mutant retina.
Significant differences between genotypes at each time point (P Ͻ 0.05). (A-C) data are the mean; error bars, SD) n ϭ 9 midline sections taken from three eyes for each condition. 
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Role of Apoptosis in the Deficit of Cells in the Early Embryonic Chx10
؊/؊ Retina TUNEL labeling was used to assess whether increased levels of apoptosis occur during development of the Chx10 Ϫ/Ϫ retina, which could explain the low level of retinal growth. Between E11.5 and E18.5, the total number of cells increased 13 times in the wild type compared with 4 times in the mutant (Fig. 2A) . Very few apoptotic cells were observed in either the mutant or wild-type retina during embryonic development. No significant difference (Student's t-test) was observed between the number of apoptotic cells at E11.5 in the wild-type or mutant retina. Apoptotic cells (9.8 Ϯ 5.0) were observed per midline retinal section in the wild-type retina (n ϭ 7 sections, from four embryos), compared with 3.4 Ϯ 2.2 in the mutant retina (n ϭ 17 sections, from two embryos). The apparent trend of more apoptosis occurring in the wild type than the mutant is contrary to what would be expected if apoptosis accounted for the deficit in the number of cells in the Chx10 mutant. Apoptotic cells were mainly located in the ventral retina around the optic fissure.
Persistence of Proliferation of Cells in the Chx10
؊/؊ Central Retina in Adulthood
Our findings suggest that in the embryo, Chx10 plays an important role in the production of rapidly dividing RPCs that are responsible for the expansion in the number of retinal cells. Next, we analyzed the profile of dividing cells in the postnatal and adult retina. Previous birth-dating studies have indicated that retinal histogenesis is normally completed by the end of the second postnatal week (around P11). 7, 37 We used a schedule of repeated BrdU injections that allowed us to observe slowly dividing cells or cells that divide infrequently in the postnatal and adult retina. Wild-type and mutant mice were given intraperitoneal injections every other day from P15 to P29.
As expected, little or no BrdU staining was observed in the central or peripheral wild-type retina (Figs. 4C, 4D, 5A ). Of the 28 sections analyzed (seven eyes, four sections each), an average of zero to two labeled cells were found per retinal section. These labeled cells were predominantly located within the inner layers of the retina (Fig. 4D ) and were likely to be endothelial in origin (discussed later). Several labeled cells were also observed in the ciliary body, in both the pigmented and nonpigmented CE, although predominantly in the nonpigmented CE (Fig. 4E) .
The mutant retina, however, showed a remarkable contrast. A relatively large number of cells were labeled throughout the central retina (Figs. 4A, 5A ). This number was substantially higher (P ϭ 1.75 ϫ 10 Ϫ5 ) than the occasional labeled cell observed in the wild-type retina (Fig. 5) . Labeled cells were also detected in the mutant CE, which is enlarged and disorganized compared with the wild type (Figs. 4B, 5B) . A higher number of cells were labeled in the mutant CE than in the wild type ( Fig. 5B ; P ϭ 0.01).
To examine whether proliferation in the mutant retina continues further into adulthood, a follow-up set of injections was performed between 6 to 8 weeks after birth. In the wild-type retina, few or no dividing cells were detected (Fig. 5A ). In the mutant retina, a significantly larger number of cells (P ϭ 0.02) divide during this 2-week period (Fig. 5A) . Although fewer cells were labeled than at 2 to 4 weeks of age, these data indicate that a population of cells in the retina continues to proliferate well into adulthood. H3 immunostaining was also performed on a series of postnatal retinal sections. Whereas H3-positive mitotic cells were not detected at P20 in the wild-type retina, occasional H3-positive cells were seen in the mutant at the ventricular surface in the central retina (Fig. 4F) . This study identified a unique feature of the pattern of proliferation in the mutant retina that is very different from that of the wild-type retina.
Fate of BrdU-Labeled Cells in the Adult Chx10
؊/؊
Mutant Retina
To examine the phenotype of the dividing BrdU-labeled cells we double labeled the BrdU treated eyes with nestin, a marker for neural progenitor/stem cells. 25, 38, 39 In the early postnatal wild-type retina we detected nestin staining of RPCs. Typically nestin-labeled progenitors project radially across the retina laminar axis. 40 Figures 6A-C show BrdU-labeled cells in wild-type P8 mice (BrdU injected at P7 and mice culled at P8). Colabeling with nestin was observed in RPCs at the periphery of the retina, the last area of the retina to mature and cease proliferation (Figs. 6A, 6B) but not in the central retina, which was largely postmitotic (Fig. 6C) . By 4 weeks of age in the wild type, no nestin labeling of RPCs was observed (Fig. 6D) . By contrast, nestin labeling was maintained in the mutant in RPC-like cells projecting radially across the retina (Figs. 6E, 6F) . Colocalization of BrdU and nestin was detected in a small proportion of cells (Fig. 6F) . TUNEL labeling of the postnatal week 4 and 8 retinas did not detect apoptotic cells in the mutant (data not shown), suggesting that cell death was not a common fate. As not all BrdU-labeled cells were labeled with nestin, it seemed likely that these cells were starting to differentiate.
To examine whether dividing cells differentiate and give rise to new neuronal cells in the adult retina we double-labeled sections from BrdU-injected animals with the neuronal markers ␤3-tubulin and NeuN. At P8 in the wild-type retina, ␤3-tubulin was weakly detected in the photoreceptor layer and strongly localized in the ganglion cell-nerve fiber layer, the inner plexiform layer, and in a proportion of cells of the inner nuclear layer (INL), whereas NeuN labeled ganglion cells and a few cells in the INL (data not shown). Using confocal microscopy, we detected BrdU-positive cells in the adult mutant retina with ␤3-tubulin-labeled processes, examples are shown at 4 (Figs. 6G, 6H) and 5 ( Fig. 6I-K) weeks of age. The cells expressing ␤3-tubulin were disorganized in the adult mutant retina compared with the pattern of ␤3-tubulin expression observed in the adult wild-type retina (Fig. 6L) , with strong expression in the ganglion cell layer and the inner plexiform layer. BrdU and NeuN colabeled cells were observed, but only rarely in the mutant retina (Fig. 6M ). These were less frequent than the ␤3-tubulin-positive cells, which may reflect cell immaturity as NeuN is a late neuronal marker. Immunostaining with BrdU and the glial cell marker, GFAP, did not detect colocalization, which suggests that these cells were not Müller cells. We did not detect nestin, ␤3-tubulin, NeuN, or GFAP localization within the CE of the mutant or the wild type (data not shown).
New Amacrine-like Cells in the Adult
To determine whether the neurons generated from RPCs in the adult mutant retina express markers characteristic of retinal neurons, immunolabeling with a range of antibodies was performed on sections from retinas pulsed with BrdU in the fourth postnatal week followed by a 3-week chase period. We found BrdU-labeled cells in the adult mutant retina expressing syntaxin (Figs. 7B, 7C ) and VC1.1 (Figs. 7E, 7F ), markers for amacrine and horizontal cells in the wild type (Figs. 7A, 7D) . We also observed BrdU-labeled cells that colabeled for CRALBP (Figs. 7H, 7I ), a marker for Müller glial cells and RPE, suggesting that some of the dividing cells were adopting a nonneuronal pathway of differentiation. Codetection of BrdU with Brn3b, blue cone opsin, rhodopsin, and recoverin was not observed. Immunostaining for neuronal markers was not detected in the CE in these experiments.
To confirm double-labeling of BrdU and retinal markers, immunostaining was performed on dissociated retinal cells from BrdU injected mutant and wild-type mice after a 3-week chase period. Codetection of BrdU with VC1.1, syntaxin, or CRALBP (Fig. 8) was observed. Because of the very small size of the adult mutant retina and the small number of BrdU-labeled cells recovered per retina, the percentage of each type of double-labeled cells could not be determined.
FIGURE 5.
More BrdU-labeled cells were present in the mutant compared with wild-type retina. Mice were injected with BrdU for 2 weeks before culling at 4 or 8 weeks, and labeled cells were counted in midline retinal sections and compared. The number of BrdU-labeled cells in the mutant and wild-type retina at 4 and 8 weeks (A), and in the CE at 4 weeks (B). At 4 weeks, less than five cells per section were labeled in the wild-type retina, whereas more than 20 cells per section were labeled in the mutant retina on average. By 8 weeks, very few BrdU-labeled cells were observed in the wild-type retina, whereas a significantly higher average of 12 labeled cells per section was observed in the mutant retina (A). A small but significant difference between the number of labeled cells in the CE of the wild-type and mutant retinas was observed in sections from 4-week-old mice (B). Data are the mean; error bars, SD. Numbers in brackets denote the number of sections examined. At 4 weeks, sections were taken from seven wild-type and six mutant mouse eyes; at 8 weeks, sections were taken from three wild-type and seven mutant mouse eyes.
BrdU-Labeled Cells in the Adult Wild-Type Retinal Vasculature
A rare population of BrdU-labeled cells, which did not label with either nestin or ␤3-tubulin, was observed in the inner layers of the adult wild-type retina (Fig. 4D) . Based on their location, these cells may be part of the developing capillary plexus, which develops during the first few postnatal weeks. 41, 42 Retinal sections were immunostained for the endothelial marker, ␤1-integrin. Whereas no BrdU-labeled cells expressed ␤1-integrin in the adult mutant retina (data not shown), BrdU-labeled cell in the wild-type retina colabeled for ␤1-integrin (Fig. 6N) , confirming that these cells are likely to be part of the retinal vasculature.
DISCUSSION
Our analysis of the temporal distribution of RPCs in the Chx10-null and wild-type retina implicates Chx10 in regulating embryonic RPC behavior. It also shows that when Chx10's function is disrupted, cells with RPC-like behavior persist in the adult retina. Of note, these RPC-like cells in the adult mutant retina are present in both central and peripheral regions. The only other examples of neurogenic progenitor-like cells present in the central retina of adult vertebrate organisms are the rod-precursor lineages of teleost fish 27 and Müller glial cells in postnatal chicks. 43 In damaged gold fish retina, the rod-precursor cells regenerate all types of retinal neuron, whereas acute damage of the postnatal chick retina induced Müller glial cells to undergo a single round of cell division and express markers characteristic of retinal progenitors and, occasionally, retinal neurons. Similar progenitor-like cells have not been observed in mammalian retina, which does not regenerate after injury, although, in other regions of the nervous system, there is evidence that glial cells can give rise to neurons. 44 Transdifferentiation of the RPE to NR also provides a source of new neurons after retinal damage and has been shown to occur in amphibians and in chick and mammalian embryonic eyes. 27 That single genetic changes can result in the presence of RPC-like cells in the mature retina of mammals is a novel concept and supported by recent studies that identified persistent progenitors at the retinal margin of adult Shh receptor patched (Ptc) ϩ/Ϫ mice 45 and in the central retina of Kip1-null and Kip1/p19
INK4d double-null mice at P18. 46 Like Chx10, these genes affect proliferation of retinal progenitors, but their deficiency has different effects on the adult retina. In Ptc ϩ/Ϫ mice, which have constitutively activated Shh signaling, proliferating cells are present in the retinal margin and in the CE, and only those at the margin generated new photoreceptors in response to retinal degeneration. 45 In contrast, loss of the cyclin-dependent kinase inhibitors Kip1 and p19
INK4d , which Several important questions pertain to our findings. The first question concerns the origin of the RPC-like cells in the adult Chx10 mutant retina. Analysis of the profile of mitotic cells during development (using H3 labeling) supports a model in which lack of Chx10 extends the longevity of a population of embryonic RPCs. The H3 study revealed that after an early decrease in proliferation in the mutant compared with the wild-type retina, a small population of RPCs continues to proliferate steadily in the mutant. These cells are a possible source of the dividing cells observed in the adult retina. In previous studies, researchers have concluded that RPCs have a limited lifespan, as they were unable to isolate neurosphere colonies from the adult NR. 26 By contrast, we found that in retinas lacking Chx10, RPC-like cells persist into adulthood. Although we have not formally excluded a nonneuroepithelial source for the BrdU-positive cells the expression data make this unlikely. Because Chx10 is not expressed in the RPE and BrdU-labeled cells were not observed in the RPE, migrating RPE cells are an unlikely alternative source. Moreover, a recent analysis of expression using a Chx10-GFP BAC reporter transgene in Chx10-null retina showed that in the P14 retina, GFP-positive cells expressed the Müller glial/progenitor markers CRALBP and Pax6. 47 These findings are consistent with the idea that RPClike cells persist in the absence of Chx10.
Two other recent studies give new insight to our findings. Crossing the Chx10 orJ/orJ /129/Sv into a mixed genetic background produced a more severe phenotype, with a progressive appearance of ectopic pigmentation in the NR. 48 Labeling with the Chx10-GFP BAC transgene suggested that these pigment cells arose by direct transdifferentiation of NR cells. Ectopic RPE gene expression was also found in the NR from early embryonic stages suggesting that Chx10 acts to maintain the NR by repressing expression of RPE determinants such as the Mitf transcription factor. 48, 49 These studies did not explore whether the adult mutant retina contains proliferating cells. Our observation of proliferating cells in the adult retina probably reflects this instability of NR identity in the absence of Chx10. Nestin, VC1.1, and CRALBP immunostaining of BrdUpositive cells is consistent with a progenitor state, as these markers have been used to label neural progenitors. 35, 50 Neural retinal cells may be dividing as part of a process of transdifferentiation that involves dedifferentiation followed by proliferation and differentiation. Our data do not exclude the possibility that the dividing cells are Müller glia, although only occasional CRALBP labeling was observed, which may reflect cells' adopting an RPE fate after division. Alternatively, the dividing cells may have failed to complete normal retinal histogenesis and therefore retained progenitor characteristics into adulthood.
Do these RPC-like cells maintain neurogenic potential? We found that new neurons are being generated in the adult mutant retina, albeit in a small number and expressing only a subset of retinal neuron markers. Previous work has shown that overexpression of Chx10 increases generation of all types of INL cells in mouse and suppressed photoreceptor development in chick, whereas lack of Chx10 prevents bipolar cell development. 16, 51, 52 That RPC-like cells in the adult mutant preferentially express INL markers (syntaxin, VC1.1) may relate to Chx10's role in providing INL identity. One possibility is that progenitors that were predestined in part to produce amacrine cells selectively persisted in the mutant retina postnatally. Consistent with this idea, we found no evidence of ganglion cell, bipolar cell, or photoreceptor production. The finding that the adult mutant retina is apparently permissive for neurogenesis is surprising and suggests that the environment is not inhibitory.
Although the Chx10-null adult retina contains RPCs with neurogenic potential, it remains smaller than the wild type. Consistent with other studies, we found very low levels of apoptosis in the embryonic wild-type and mutant retina, and concluded that apoptosis is not likely to contribute to the cell Ϫ, B, C, E, F, H, I ) labeled for BrdU (green) and syntaxin (A-C, red), VC1.1 (D-F, red) number deficit in the mutant. 23, [53] [54] [55] Rather, it is likely that the adult RPC-like cells harbor the same proliferative defects found in embryonic RPCs in the mutant and are thus unable to amplify the size of the progenitor population to drive cell number expansion and growth of the adult retina.
Properties of multipotentiality and self-renewal have been demonstrated in vitro for putative stem cells isolated from the adult CE of the rodent retina. 25, 26 In this study, we identified cycling cells in the CE of the ciliary body in the adult wild-type mouse eye in vivo. These cells are a possible source of the CE stem cells characterized in vitro. However, cycling cells were not identified at the peripheral edge of the retina (the ciliary margin). By contrast, proliferating RPCs in the ciliary margin have been identified in adult chickens, 56 quail, and opossum, 57 which show similarities with embryonic RPCs, such as expression of both Pax6 and Chx10.
We identified an increased number of dividing cells in vivo within the adult CE of the mutant, compared with the wild type. Likewise, in a previous in vitro study, Chx10 mutant CE produced more neurospheres containing fewer cells than the wild-type CE. 26 Both mutant and wild-type neurosphere colonies differentiated to produce neurons. 26 However, in vivo, the adult CE showed no evidence of neurogenesis, in contrast to the dividing cells in the mutant central retina. The different behaviors of these dividing cell populations are probably influenced by differences in their extracellular environments. The relationship between the progenitor-like cells we observed in the CE and the retina, the putative retinal stem cells isolated from the CE, 25, 26 and the transdifferentiating pigment-generating cells 48, 49 have not been established and need further investigation. These findings are of interest as they suggest that manipulation of Chx10 expression and/or extracellular factors could influence the number of cells with neurogenic potential within the mature retina.
